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Here we present methodology for fabricating electrochemical flow cells with embedded carbon-composite
electrodes in a single step using simultaneous 3D printing of insulating poly(lactic acid) (PLA) and a commercially available graphene–PLA composite. This work is significant because it is the first demonstration that
devices capable of fluid handling and electrochemical sensing can be produced in a single fabrication step using
inexpensive equipment. We demonstrate the broad utility of this approach using a channel-flow configuration as
an exemplary system for hydrodynamic electrochemistry. Unmodified devices were characterized using hydrodynamic electrochemistry, and behave according to the well-established Levich equation. We also characterized the fabrication reproducibility and found that the devices were within 3% RSD. The 3D-printed sensors
we employed were subsequently modified by electroplating Au and used under flowing conditions to detect
catechol, whose oxidation requires two electrons and two protons and is thus more challenging to analyze than
the outer-sphere FcCH2OH. We envision these results will pave the way for the development of highly customized micro-total analysis systems that include embedded electrochemical sensors for a variety of redox-active
analytes.

1. Introduction
Sensors and devices incorporating 3D-printed components have
gained significant attention recently [1–6]. 3D printable sensors have
several features that make them attractive in a variety of fields: they are
highly customizable [7]; devices can be produced in a number of unique and interesting geometries (e.g. solids containing internal voids)
[8]; devices can be rapidly prototyped. As a result, there have been
numerous applications of 3D printing in energy storage, sensors, and
microfluidics [9–22].
For electroanalytical applications, 3D printing has been used for
fabricating sensors for a variety of applications using conductive materials and for fabricating flow cells and microfluidic devices.
Significant advances have been made in applying 3D printed metals and
composites to a variety of chemical species including heavy metals and
biological analytes [18–21,23–28]. 3D printing has also been widely
used for the construction of hydrodynamic flow cells, which are used to
increase mass transport of reactants to the electrode surface, thus increasing sensitivity and decreasing detection limits. One advantage of
producing flow cells using 3D printing is the ability to rapidly produce

⁎

and test a wide variety of parameters that impact sensitivity (e.g.,
channel dimensions, inlet/outlet spacing, electrode placement) during
the design phase. 3D printing has been used to produce channel-flow
and wall-jet electrodes [8,29–32] that have shown promise for trace
measurements of a variety of species [33–38].
Here, we demonstrate the ability to fabricate devices that incorporate both fluid handling and chemical sensors in a single fabrication step. We used an off-the-shelf commercial fused deposition
modeling (FDM) 3D printer with dual extrusion capability to simultaneously print a PLA flow cell along with graphene–PLA composite
electrodes embedded within (Fig. 1). We fabricate channel-flow electrochemical cells (CFEs) [39] and characterize their performance
without modification or pretreatment using the fast outer-sphere redox
couple ferrocene methanol. The electrodes were modified with electrodeposited Au, which we use to increase the sensitivity towards catechol.
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Besides the print settings listed above, there are several important
experimental details which need to be considered during the 3D
printing for high-quality, leak-free devices. Especially important are the
distance between the extruder and the print bed, the alignment of the
3D printer bed to the extruder, and the adhesion of the first layer of
print. We have established a set of pre-print checks that help improve
print quality and reproducibility. First, the distance between the left
filament extruder and print bed is set to be 100 μm using a feeler gauge
and the alignment tool on MakerGear Quick Start software. For our
printer, a 100 μm extruder-bed distance was critical for optimal extrusion width and for joining adjacent strands of polymer. Second, the
print bed alignment was checked at the beginning of each day of
printing, ensuring that the extruder-bed distance was constant for the
entire bed surface. Third, the right extruder was aligned to the left
extruder. We perform this by loosening the bolt holding the right extruder in place, so that it can move freely in the z-direction. We then
carefully adjust the height of the bed in 0.01 mm increments until a
feeler gauge will no longer move freely under the left extruder. We then
secure the bolt holding the right extruder in place. Fourth, the print bed
was sprayed with hairspray (Garnier Fructis Full Control AntiHumidity) to ensure excellent adhesion for the first layer of print.
2.3. Electrochemical cell and measurements
A schematic of the channel-flow cell geometry is shown in Fig. 1b.
All electrochemical experiments were performed at room temperature
(22 ± 2 °C) using a CHI 660E potentiostat (USA). Measurements
within the flow cell were carried out in three-electrode mode with the
thin band serving as the working electrode, a Ag|AgCl pseudo-reference
wire was placed in the outlet tubing, and the larger band was used as
the counter unless otherwise noted.
Fig. 1. Schematic of the experimental setup and devices. (a) schematic of dual
extrusion 3D printing setup with two materials; (b) schematic representation of
the channel flow geometry and the positions of the two electrodes. This schematic is not to scale; (c) CAD drawing of a channel flow cell with a
1.5 mm × 1.0 mm channel and two band electrodes.

3. Results and discussion
3.1. Device fabrication
Proof-of-concept devices consisted of a single 50 mm long channel
with a cross-sectional dimension of 1.5×1.0 mm2 (w×2 h; Fig. 1c). The
versatility of 3D printing and fast device turnaround time mean that
these parameters can be easily changed by modifying the CAD file and
reprinting. Numerous devices were successfully printed and tested
during development, however we only show data from 1.5 × 1.0 mm2
cells for manuscript clarity and consistency. The approach described
herein is highly versatile and fast as new devices can be printed in
~45 min, depending on print parameters, design complexity, and device size.

2. Experimental
2.1. Materials and solutions
Ferrocene methanol (FcCH2OH; 97%) was from Acros Organics,
hydrogen tetrachloroaurate (III) trihydrate (99.99%) was from Alfa
Aesar, and all other salts were from Fisher Scientific and were certified
ACS grade and used as received. The clear poly(lactic acid) filament
(PLA; 1.75 mm) was from MakerGear and the conductive
graphene–PLA filament was purchased from BlackMagic3D. All solutions were prepared using 18.2 MΩ•cm water (Millipore Simplicity).

3.2. Electrochemical characterization of 3D printed flow cell
Hydrodynamic electrochemistry offers significantly higher mass
transport rates than stationary measurements, which ultimately lead to
increased sensitivity and decreased detection limits [8]. The channel
flow configuration employed here employs a rectangular channel of
variable dimensions that flows across inlaid band electrodes, which
serve as the working and counter electrode (Fig. 1b). The CFE has been
extensively modeled, enabling a convenient relationship between the
limiting current and volumetric flow rate [41,42]:

2.2. 3D printing procedures
The flow cells and electrodes were designed separately using
AutoDesk Inventor 2017 CAD software, and checked as an assembly to
ensure all components fit together. The .stl files are available for
download on our group website (gdolab.weebly.com). The CAD drawings were sliced for 3D printing using Simplify3D software with layer
height: 100 μm; extrusion width: 0.4 mm; extrusion multiplier: 1.1;
infill angle: 0°/90°; infill percentage: 100%; infill extrusion width:
110%; extrusion temperature: 215 °C; bed temperature: 70 °C; print
speed: 2400 mm min−1 [40]. The devices were printed by fused deposition modeling (FDM) using a MakerGear M2 Dual printer (Ohio,
USA; Fig. 1a), which was modified with 0.35 mm stainless steel extruders (MakerGear) to reduce clogging from the carbon filament. The
print bed was covered with Kapton tape to assist in ahesion of the 3D
printed cells.

ilim = 0.925nFc b D 2/3Vf 1/3w 2/3h

2/3x 2/3
e

(1)

where ilim is the limiting current, Vf is the volumetric flow rate
(cm3 s−1), w is the channel width (cm), 2 h is the channel height (cm),
and xe is the electrode width (cm), and n, F, cb, and D have their usual
meanings.
Fig. 2a shows linear sweep voltammograms (LSVs) collected for the
oxidation of 1.4 mM FcCH2OH in 0.4 M KCl for Vf over the range
57
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Fig. 2. Hydrodynamic voltammetry using a 3D printed flow cell. (a) LSVs of the oxidation of 1.4 mM FcCH2OH in 0.4 M KCl. Wide band was used as the quasireference counter electrode; (b) effect of flow rate on the limiting current. (c) LSVs of FcCH2OH over the concentration range 11–109 μM (1 M KCl as supporting
electrolyte); inset shows the calibration plots for FcCH2OH under flowing (red) and stagnant (blue) conditions. LSVs are an average of 4 independent measurements
and error bars represent one standard deviation of the mean. Scan rate = 0.05 V s−1. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

0.5–3.5 mL min−1. At 0.5 mL min−1, the current reaches a peak at
~0.05 V vs. QRCE before leveling off. At these low flow rates, both
diffusion and convection influence the response of the electrode. For
flow rates of ~1.0 mL min−1 and above, the current approaches a
limiting value, although there is some drift in the measured current in
the anodic scan. It is possible that the current drift is caused by surface
roughness of the 3D-printed electrode/channel walls or small gaps/divots where the insulating channel meets the conductive electrode. A
plot of ilim versus Vf1/3 shows excellent linearity (R2 = 0.9999; Fig. 2b),
consistent with the convective transport expected in channel-flow
electrochemical cells. However, the gradient of the best-fit line
(4.82( ± 0.01) μA s1/3 mL−1/3) deviates significantly from the expected
value calculated using Eq. (1) (19.0 μA s1/3 mL−1/3), suggesting that
there are significant deviations to channel and/or electrode dimensions
compared to the CAD design. The theoretical slope was calculated using
Eq. (1) with the following values: n = 1, F = 96,485C mol−1,
cb = 1.4∙10−6 mol cm−3, D = 7.80∙10−6 cm2 s−1 [43], w = 0.15 cm,
h = 0.05 cm, xe = 0.08 cm.
As an initial demonstration that these simple, low-cost devices can
be used for quantitative analysis of freely diffusing redox species, we
performed linear sweep voltammetry in flowing and stagnant solutions
of FcCH2OH. Fig. 2c shows averaged LSVs (n = 4) collected at
3.0 mL min−1 for solutions of FcCH2OH. At each concentration, a near
steady-state response is observed at 0.5 V vs. Ag|AgCl. Note that the 3D
printed electrodes were not modified in any way prior to these experiments. The inset to Fig. 2c shows a plot of ilim versus FcCH2OH
concentration and displays excellent linearity (R2 = 0.9998), as expected. The sensitivity under hydrodynamic conditions was
7.48( ± 0.06) × 10−3 μA μM−1, which is ~3.4 times higher than the
sensitivity observed under stationary conditions (blue trace, Fig. 2c
inset), highlighting the advantage of the fast mass transport rates
achievable using this simple device.
We characterized the print-to-print reproducibility of the flow cells
by printing three devices and characterizing their electrochemical behavior using stagnant CVs of FcCH2OH (Fig. 3a). Any significant
changes in device geometry or electrode quality should impact the peak
current. The average peak current of the CVs was 0.72( ± 0.02) μA,
which shows that the devices are remarkably reproducible with a 3%
relative standard deviation. We also characterized the cycling stability
of the carbon electrodes by performing CVs in FcCH2OH for 25 cycles
(Fig. 3b). The anodic peak current initially increases ~50 nA over the
first 5 cycles, after which the peak current is stable (Fig. 3c). The peak
current was remarkably consistent, with < 0.1% relative standard deviation, suggesting that no parasitic side reactions or fouling occurred
on the surface of the electrode over this time frame.

3.3. Electrochemical detection of catechol in the 3D printed flow cells
In order to demonstrate that these devices can be used for more
complex electrochemical reactions, we measured catechol (Fig. 4a,
inset) in artificial cerebral spinal fluid (aCSF) buffer under flowing
conditions. Catechol undergoes a two-electron, two-proton oxidation to
form o-quinone [44–46] and is thus a more challenging molecule to
analyze than FcCH2OH. In order to improve the electrochemical behavior of the 3D-printed electrodes, we first electrodeposited a thin
layer of Au from a 1 mM solution of HAuCl4 with 0.1 M HCl as the
supporting electrolyte. Electrodeposited Au has recently been shown to
improve the electron transfer behavior of carbon fiber microelectrodes
towards dopamine [47]. Fig. 4a shows background-subtracted, averaged LSVs (n = 5) collected at 3.0 mL min−1 for solutions of catechol.
The voltammograms are quasi-sigmoidal, but reach limiting currents at
potentials > 0.6 V. Fig. 4b shows a calibration plot of the limiting
current at 0.6 V vs. Ag|AgCl as a function of catechol concentration. The
calibration curve displays excellent linearity (R2 = 0.9997) with a
gradient of 0.0208( ± 0.0002) μA μM−1. The limit of detection
(LOD = 3 m ) for catechol was 1.4 μM.
4. Summary and conclusions
Here, we have presented a simple, fast, and inexpensive method for
preparing 3D-printed electrochemical flow cells in a single step. The
practical use of this methodology is that it greatly simplifies the fabrication of devices incorporating (potentially) complex fluid handling
with electrochemical detection. We employed the fast, one-electron
oxidation of FcCH2OH to characterize the unmodified cells under
stagnant and hydrodynamic conditions, and demonstrated quantitative
measurements of FcCH2OH and catechol (after modification of the
electrodes with electrodeposited Au) as exemplary species. Because
these devices are highly customizable and easily optimized by iterative
design, we expect them to be useful for a variety of analyses and for
investigating novel flow-cell configurations and electrode geometries.
Although these results demonstrate that 3D printable sensors can be
integrated with complex fluid handling, there is considerable scope for
improvement with the aim of tackling more challenging electroanalytical problems. First, we expect that the observed detection limits
would be improved by increasing the flow rate, optimizing the cell
geometry (e.g., decreasing the channel height and using a wider
channel), employing a nonlinear potential waveform (e.g., differential
pulse), or using flow-injection analysis. Second, the results obtained in
flowing solutions did not reach a true steady state, which suggests there
is significant roughness inside the channel. This has been previously
58
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Fig. 3. 3D-printed flow cells with embedded carbon
electrodes are reproducible. (a) CVs of 1.4 mM
FcCH2OH in 0.4 M KCl using three independently
printed devices. (b) 25 consecutive CVs measured in
1.4 mM FcCH2OH with 0.4 M KCl as the supporting
electrolyte; (c) plot of anodic peak current as a
function of cycle number. Scan rate = 0.05 V s−1.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. Detection of catechol in aCSF inside a
monolithic 3D-printed flow cell. (a) LSVs of catechol
over the concentration range 5.1–103 μM; scan
rate = 0.05 V s−1; (b) calibration plot showing a
linear regression of the limiting current data from
(a). LSVs are background-subtracted and presented
as the average of 5 independent measurements; error
bars represent one standard deviation. Scan
rate = 0.05 V s−1; Vf = 3.0 mL min−1. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

observed by other groups in 3D printed microfluidics made using FDM
[48–50]. We also suspect the interface between the insulating and
conductive materials is not perfectly coplanar, which will also lead to
deviations from theory. The channels presented herein were relatively
large (1.5 mm × 1.0 mm) and we expect that imperfections inside the
channel would cause even more significant deviation from theory as the
dimensions of the channel shrink towards true microfluidic dimensions.
This is significant because detection limits can be improved by decreasing the channel dimensions, and the roughness of the channels
places a constraint on achievable channel dimensions. Nevertheless,
many practical applications do not require channels of true microfluidic
dimensions [7]. Third, while the current response of the flow cells behaved according to the Levich equation for a channel-flow geometry
(Fig. 2b), the measured currents did not agree with those predicted
using Eq. (1). This strongly implies that the printed channel dimensions
do not agree with those defined in the CAD file.
We also expect improvements to be made in the performance of the
composite material used for the electrodes in these devices. In separate
experiments (data not shown), we observed that polishing the 3Dprinted filament with sandpaper and alumina slurries significantly improved the electrochemical response towards outer-sphere redox couples. This observation is fairly common using composite electrodes and
was recently shown by Henry et al. to drastically improve the performance of thermoplastic electrodes made with carbon and poly(methyl
methacrylate) [51]. As a result, we expect polishing the electrodes inside the channel may lead to improved responses. Alternatively, there
are chemical approaches to improving the response of the graphene–PLA electrodes. For instance, Pumera et al. used dimethylformamide
(DMF) to dissolve the electrochemically inactive polymeric binder of
BlackMagic 3D and expose more electrochemically active carbon nanostructures, which improved the electrochemical behavior [20,52].
We expect that further detailed investigations of the surface/interfacial
properties of 3D printable carbon electrodes will yield more sensitive
(and potentially selective) electrochemical performance of this 3D

printable composite material in the future.
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